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ABSTRACT 


Machining of electncally non-conductive materials is still a major problem 
Electrochemical spark machmmg has potential for machmmg these matenals compared with 
diflFerent existing traditional and also some non-traditional machining methods Despite the 
considerable amount of theoretical and experimental work that has been done related to this 
process, many fundamental aspects of the process are yet to understand and deficiencies of 
the process need to overcome Because of the complexity of the process, ECSM is still a 
process to be used on shop floor 

In this present work, ECSM process has been applied successfully for cuttmg quartz plate 
Sharp edge tool and controlled feed of work-piece produces less overcut Reverse polanty 
cuts quartz plate at faster rate as compared to the direct polanty Surface finish along the 
cutting direction obtained is random in nature Minimum surfece finish value obtamed is 
quite good Tool wear m reverse polarity is much higher than direct polanty Electrochemical 
reactions responsible for material removal have been proposed Chemical analysis of reaction 
products also agrees with the feasibility of dissolution of quartz in solution Cutting also can 
be successfully done by using small auxiliary electrode Both the electrodes (cathode and 
anode) can also be simultaneously used as tool 
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Chapter 1 


INTRODUCTION 

Advanced ceramics and composites have tremendous potential for applications due to their 
supenor properties such as high compressive strength, good thermal shock resistance, high 
wear resistance, high hardness, high strength to weight ratio, etc Such improved matenal 
properties, however, pose new challenges to manufacturing engmeers to shape these 
materials economically and efficiently 

Production of through and blind holes, grooves and slots, and complex shaped contours are 
difficult to obtam by traditional processes of compacting and sintenng On the other hand, for 
the production of a small number of parts for devised applications of these matenals is not 
economically viable to use mass production techniques such as castmg and sintering It is, 
therefore believed that the field of utilization of these matenals has remamed comparatively 
narrow Electncal discharge machming (EDM) and Electro-Chemical machming (ECM) are 
the two electncally assisted advanced machining processes which are well established and 
are being successfully used in industries for machining electncally conductive materials 

Diamond grmding, ultrasonic machining, abrasive jet machming, abrasive water jet 
machining, laser beam machmmg, and ion beam machmmg are those processes which can be 
used for machining of electncally non-conductive matenals also But these processes have 
their own limitations Electrochemical Spark Machming (ECSM) is a hybnd process that 
combines both ECM and EDM It can be successfully used for machining electncally non- 
conductive advanced matenals 
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1.1 Basic principle of ECSM process 


In ECSM process, cathode (i e tool) of the desired size and shape is 2-3 mm dipped in 
electrolyte and anode is usually a flat plate Both are kept at a distance of about 30-50 mm 
(Fig 1 1) Application of external potential (50-80 V) between the electrodes causes the flow 
of electnc current through the cell, resulting the generation of hydrogen bubbles at cathode 
by electrochemical reactions Surface area of the cathode dipped in the electrolyte is very less 
compared to anode High current density at cathode surface results in rapid generation of 
hydrogen bubbles and shielding of cathode surface Boiling of electrolyte near small 
electrode occurs because of the heating of electrolyte due to high resistance to current flow 
Therefore an electrically non-conductive layer of gas-vapour mixture is formed and it shields 
the cathode surface Sparking occurs between cathode and electrolyte because of the 
breakdown of the insulatmg layer due to high potential gradient If the work-piece is brought 
to the vicinity of the spark zone, matenal removal from the tool and work-piece both will 
take place Thus sparking between tool and electrolyte is used to machme the matenal 
Material removal may be because of melting and vaponzation, random thermal stresses and 
micro cracking, chemical reactions at high temperature and mechanical shock due to 
expanding gases 


Small size cathode 50-80 V Anode havmg 



Fig 1 1 Schematic diagram of basic 
electrochemical cell m ECSM process 
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Reactions at Cathode and electrolyte interface: 


The electrochemical reactions at cathode electrolyte interfece cause evolution of hydrogen 

gas and deposition of copper 

Cu”+2e'-^Cu 

2H^ + 2e'^H2l 

Na'^+ e' — > Na 

2Na + 2H20^2Na0H + H 2 | 

2H20 + 2e->H2l+20ir 

Here, hydrogen bubbles and vapor bubbles generated by boilmg of electrolyte forms the 
insulating layer on anode surfece 

3.2 Dissolution of quartz 

Schematic diagram of machmmg of quartz by ECSMWRP is shown m Fig ^ 3 Reduction of 
silicon dioxide (S 1 O 2 ) occurs due to high electromotive force generated by high potential 
gradient A small gap between anode and work-piece also generates high resistance Sparking 
occurs due to high charge density and high resistance to current flow through anode- 
workpiece mterfece Heat generated by sparking accelerates the reduction process Freshly 
formed silicon is highly active and it is re-oxidized by fresh oxygen gas evolved at anode 
This newly precipitated S 1 O 2 is highly amorphous in nature and prone to chemical reactions 
[22] It reacts with sodium hydroxide to form sodium silicate and so dissolves into the NaOH 
solution and also forms copper silicate The reactions are as follows, 

S1O2 + 4e' + 4Hr ^ Si + 2H2O 
Si + O2 — > S1O2 
S1O2 + 20 H- ^ SiOs" + 2H2O 
Na^ + S1O3”— »■ Na2Si03 + Na4Si04 
Cu^+ SiOs"-^ CuSiOs 
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1,2 Literature survey 


In 1973, Cook et al [1] conducted experiments on various electrically non-conductive 
materials and observed that the process is highly sensitive to characteristics of the power 
supply and electrolyte They reported that machining rate increases with supply voltage, 
electrolyte concentration and electrolyte temperature But, for a given voltage, penetration 
rate decreases with time and hence leads to limited machined depth 

In 1988, Allesu [2] carried out experiments on glass samples and proposed possible modes 
of material removal from workpiece viz, melting and vaporization, random thermal stress and 
microcracking, chemical reaction of silica at high temperature and mechanical shock wave 
generated by the cavitation effect He measured distribution of voltage drop between tool and 
electrode (Fig.l 2). He reported that discharge voltage increases in case of flowing 



Fig 1 2 Distnbution of voltage drop in ECSM bath [2] 
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electrolyte He explained the reason for limiting machined depth characteristic as a result of 
decrease in the potential available between tool and electrolyte (across the insulating layer of 
gas and vapour bubbles) with increase in machined depth He also observed upward shifting 
of the sparking zone when tool penetrated into work-piece 

In 1991 Jain et al [3] used traveling wire electrochemical spark machining (TW -ECSM) 
for cutting thick sheet of composite material They have reported an increase in MRR, TWR, 
and over cut with an increase m voltage and electrolyte concentration (NaOH, up to 22.5% 
by weight) Beyond this concentration of NaOH, above responses decrease because specific 
conductance of NaOH decreases beyond 22 5% concentration by weight. The effects of 
artificially generated bubbles have also been studied Introduction of artificial bubbles into 
the machining zone reduces MRR Because of the larger size of the artificial bubbles, 
discharge does not take place across some bubbles by existing potential gradient, but it 
improves the machining accuracy (or lower average diametral overcut) Results are shown in 
Fig 13 




voltage (volts) 

Fig 1 3 Effect of artificial bubbles on MRR and overcut [3] 
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In 1995, Raghuram et al [4] studied the effect of various circuit parameters on the 
electrolytes in electrochemical discharge phenomenon They used various types of circuit 
configuration like rectified dc, rectified dc with a senes of inductor, etc and concluded that 
the external circuit parameters have definite influence on discharge characteristics 

In 1996, Singh et al [5] reported the findings related to TW-ECSM experiments on 
partially electrically conductive materials viz, piezo-electric ceramics (PZT) and carbon fiber 
epoxy composites They concluded that further investigations related to the effect of 
machining parameters on the surface integrity are required before this process becomes 
commercially viable Experiments were performed [6] on ceramics with different tool kinematics 
like stationary tool, rotating tool with or with out electrolyte flow, tool with orbital rotation, and 
controlled feeding of the workpiece By using trepanning action and controlled feed to the workpiece, 
MRR and limited dnlling depth can be substantially increased (Fig 1 4) 



Fig.l 4 Improved MRR and machined depth by trepanning action [8] 
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In 1997, Basak et al [7] did the theoretical analysis of the mechanism of spark generation 
They concluded that the mechanism of sparking in ECSM process is similar to switching off 
phenomenon m electrical circuit He also reported that MRR can be increased by 200% by 
introducing external inductance to the circuit (Fig 1 5) Singh [8] concluded matenal removal m 
alumina takes place due to crack propagation and etching of gram boundanes in heated 
eIectrol 5 d:e Jain et al [9] proposed the application of "valve theory" to the spark generation 
in ECSM process From the V-I charactenstics in a discharge tube they concluded that 
sparking m ECSM process is similar to the arc discharge that occurs in discharge tube 
Limited machined depth in dnlling operation can be explained by plotting the isotherms 
There is the possibility of no sparking near some of the unmelted materials (Fig 1 6) that 
causes limited machining depth m ECSM process 



Fig 1 5 Improved MRR by additional inductance [7] 
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Fig 1 6 Intermediate isotherms for soda lime glass after 10 sparks 
at supply voltage of 40 V [9] 

In 1999, Doloi et al [10] conducted experiments on alumina They concluded that the most 
effective parametric combinations for moderately higher machining rate and dimensional 
accuracy are 80 V and 25 % NaOH concentration They reported tool tp geometry plays 
important role for controlled spark generation Overcut value for taper side wall-flat front 
tool (Fig 1 7(ii)), is much less compared to straight side wall-flat front tool (Fig 1 7(i)) and 
taper side-curved front tool tip (Fig 1 7(iii)) due to occurrence of concentrated sparking at 
the tool tip Doloi et al [11] used Taguchi method for optimizing the machining parameters 
in ECSM process , 



it) ( ) 


Fig 1 7 Different geometncal shapes of the tool tip (dimensions mm) [10] 
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In 2000, Chak [12] improved machined depth on alumina and quartz by using high voltage 
and high temperature of NaOH solution 

In 2002, Jain et al [13] used rotating tool having impregnated abrasive particles 
(ECSM+GRINDING— > ECSG), and found that MRR and machined depth increase because 
of combined effect of thermal erosion and grinding operation (Fig 1 8) Kulkami et al. [14] 
studied the variation of current with respect to time in ECSM process They also observed the 
geometry of single discharge affected zone, is circular in nature and diameter of about 
300pm A high electric field of the order of lO’ V/m is generated across the bubbles on the 
cathode tip and an arc discharge [9] takes place 



Fig 1 8 Schematic diagram of electrochemical 
spark grinding set-up [13] 


1,3 Objective of present work 

Slicing of quartz plate by electrochemical spark sinking operation has been attempted first 
time m this work Literature survey reveals even though substantial amount of experimental 
work-has been done, but no data is available on the surface finish charactenstics of the 
machined profile in ECSM process Preliminary experiments also show that if we reverse the 
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polanty (tool is positive) MRR is higher than direct polarity (tool is negative), even though 
visually observed spark intensity seems to be lower for reverse polarity Therefore, ECSM 
process can be classified as electrochemical spark machining with direct polanty 
(ECSMWDP) and electrochemical spark machming with reverse polarity (ECSMWRP) 
Hence, the following objectives of the present work have been set 

1 Application of ECSM process for cutting of quartz plate by controlled feedmg of 
workpiece 

2 Measurement of surface finish of the machined profile m ECSM process 

3 To study the basic mechanism of matenal removal in ECSMWRP while machming 
quartz 

4 To study the feasibility of machmmg simultaneously at both electrodes (ECSMWDP 
and ECSMWRP) 
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Chapter 2 


Experimental Set-up 


Experimental set-up consists of work holding and work feed mechanism, tool and tool 
holder, mechanical switch, stepper motor controller, temperature contioller and power 
supply 


2.1 Work holding and feeding mechanism 




1 WORK VICE 

2 WORK TABLE 

3 PERSPEX CVLtfiOER 
4. COLLAR 

S TICHTENING SCREW 

6. SLIDING NUT 

7. BRASS CVUNDER 

8. LEAD SCREW 

9 platform 

10 COLUMN 

11. BASE 

12. WORM 

13 WORM WHEa 

14 GEAR 

16. PNION 

18. WOfflA SHAFT 

17. BRACKET 
IB. PIN 

16. BUSH 

20 THRUST BEW1ING 

21 BUSH 

22 Cl COLLAR 

23 LOCK NUT 




Fig 2 1 Work feed and holding mechanism [15] 





Expenmental set-up designed and fabricated by Gautam [15] was used for the experiments 
Work-piece feeding mechanism is shown m Fig 2 1 Feed rate is very low m ECSM process 
Smooth rotation of motor (12V, 20 kg-cm) was obtained by using high reduction ratio 
between motor and lead screw (pitch 1 45 mm) Motor is directly connected to worm and 
worm wheel (40 1) Worm wheel is connected to lead screw by spur gears (1 1) A vice is 
mounted on the work table for holding the work-piece By rotating of the lead screw upward 
or downward movement is given to worktable 

2,2 Tool and Tool holder 

Copper was used as tool matenal Tool geometry plays an important role for effective spark 
generation Requirements for tool design are, it should be able to cut at fast rate and produce 
good quality surface Tool should have sufficient strength to withstand mechanical forces 
Spark intensity is more at the sharp comers of the tool because of high charge density 
Therefore, sharp edged tool was used for cutting operation It produces less overcut and high 
penetration rate compared to flat tool Tool size, 4X0 5X20 mm (Fig 2 2) has been selected 
so that It is able to cut for sufficient depth Fig 2 3 shows the details of the tool and tool 
holding assembly 
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2.3 Mechanical switch 


For efficient machining, a gap between tool and work-piece is essential so that electrolyte is 
always available between the bottom of the tool and workpiece for generating sparks As 
work-piece is electncally nonconductive, gap voltage or gap current sensing servomechanism 
for maintaining the gap between tool and work-piece can’t be used A mechanical switch has 
been designed for sensing die contact between work-piece and tool Mechanical switch 
consists of an adjusting screw and a copper plate (Fig 2 3) They are connected to status port 
of PC pnnter port When feed rate is higher than machinmg rate, tool touches the work-piece 
and it pushes tool holder assembly upwards Therefore copper plate also starts moving in 
upward direction and it stakes the adjusting screw Value of status port is changed from 127 
to 255 and motor starts rotatmg in a reverse direction Thus work table is lowered down fisr 
creating the gap between tool and work-piece The micro gap between copper plate and 
screw can be adjusted by screwing on or screwing off the screw 



Fig 2 3 Tool holding and mechanical switch assembly 
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copper plate 


adjusting screw 


Fig 2 4 Mechanical switch 


2.4 Stepper motor controller 

Schematic diagram of the stepper motor controller used in experiment is shown in Fig 2 5 
Stepper motor can be precisely controlled by using PC Printer Port Each printer consists of 



Fig 2 5 Stepper motor control diagram 


13 







three port addresses, data, status and control port These addresses are in sequential order 
That IS data port address 0x0378, the corresponding status port is at 0x0379 and the control 
port IS at 0x037a Fig 2 6 and Fig 2 7 [16] illustrate the pin assignments on 25 pin connector 
and bit assignments on three ports Data ports were used to generate the direction bits and 
clock signals at required frequency Status port, pm no 1 3 was used to control the direction of 
rotation of the motor Default value of the status port is 127 When we make pin no 13 
ground, value of status port becomes 255. Therefore, if shorting occurs between adjusting 
screw and copper plate of mechanical switch because of higher feed rate, value of the status 
port becomes 255 At that time value of the direction bit changes from 0 to 1 and motor starts 
rotating in reverse direction for 15 rotations to create required gap between tool and work- 
piece In the mean time the switch is disconnected and value of the status port is now 127 
After completing the reverse rotations, motor again starts rotating in forward direction A 
software program in C has been written for controlling the stepper motor by PC printer port 
(Appendix- 1) Machining time and penetration depth were also recorded by the program 
Flow chart of the program is shown in Fig 2 8 



Vwwti Jookjugat 
Connwtorsjdeof 
DB-25 Mai# Coimeclor 


Ss 

Desciiptbii 




1 

SfioBe 

PC Output 



2 

3 

DataO 

Datal 

PC Output 

PC Output 


4 

5 

6 

Data 2 

Data 3 

Data 4 

PC Output 

PC Output 
PCOmput 

Note 

SDataOidputs 

4 Mbc Otter Outputs 

7 

8 

Data 5 

Data 6 

PC Output 

PC Output 


5 Data Inputs 

9 

10 

Data? 

PC Output 
PCIrpit 

Note 

Pjbs 18-25 a» 

Gmund 

11 

Busy 

PCIiqjal 


12 

Paper Empty 

PC Input 



13 

Seiwt 

PCIiqnjt 



14 

AutoPeed 

PC Output 



15 

S5r 




16 

Imtiahie Printer 

PCO«4put 



17 

Select 

PC Output 



Fig 2 6 Pin assignments for PC printer port 
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DalaBozt Status Poit Coiitrolft»rt 


D7 

►■Data? 

Dfi 

►-Datae 

D5 

p^Daita.5 

D4 

►.Data4 

D3 

►•DataS 

m 

•►Dalaa 

D1 

“►Data! 

DO 

^DadfcaO 


D? 

Busy 

D6 

«• — ficr 

D5 

•m PE 

D4 

^ Select 

D3 

-ui E»F 

D2 

— ns3 

D1 

Seseived 

DO 

Besferved 


D? 

Rasemd 

D6 

“-Resemd 

D5 



D4 

►'IRQ Enable 

D3 

►SeESnS 

D2 

— ►init“ 

D1 

p^Autofewi 

DO 

— — ffc-Stiobe 


Fig 2 7 Port assignments 



Fig 2 8 Flow chart of the program 








2.5 Temperature controUei 


Conductivity of electrolyte is highly sensitive to temperature During the experiment to 
maintain constant electrolyte temperature between anode and cathode a temperature 
controller has been designed (Fig 2 9) A Contact thermometer was kept between electrodes 
Electrol>de was heated by immersion heater Power goes to heater through a 6 V relay 
\ oltage at resistance variac was set to 140 V for slow heating of electrolyte Required 
temperature level can be set in contact thermometer Temperature of electrolyte rises because 
of heating by immersion heater When temperature reaches to set value circuit inside the 
contact thermometer is completed and electromagnet inside the relay is activated It cuts oIF 
power supply to the heater and heater is switched off Temperature of the electrolyte starts 
decreasing because of lower ambient temperature Mercury level mside the thermometer 
drops and circuit inside the thermometer is disconnected Therefore electromagnet inside the 
relay is demagnetized and power supply again goes to heater and heater is switched on 



Fig 2 9 Temperature controller 
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Contact 

thermometer 


Heater 


I Stepper motor 


Fig 2 10 Experimental set-up used for experiment 


2.6 Experimentation 


Conductivity of the electrolyte was measured by conductivity meter. Initially work-piece 
was touched with tool tip and gap between adjusting screw and copper plate was measured 
by counting the number of rotations of the motor required to short the switch Gap between 
adjusting screw and copper plate can be adjusted by rotating the screw After adjusting the 
gap, motor was rotated in reverse direction for creating the gap between tool tip and work- 
piece Machining was started with a constant gap between tool and work-piece Tip of the 
tool was 2-3 mm dipped into electrolyte. Level of the electrolyte was maintained by 
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constantly supplying electrolyte into the tank A constant feed rate was piovided to the work- 
piece If feed rate is higher than material removal rate, tool tip touches the work-piece and 
force IS exerted to tool which lifts the tool holding assembly This movement shorts the 
mechanical switch and motor starts rotating in reverse direction Work table is lowered down 
to create the gap between tool and work-piece When motoi lotates m reverse direction 
power supply to the electrodes was switched off to stop the overcut duiing that period After 
creating the gap motor starts rotating in forward direction and the voltage is again applied 
between the electrodes to start cutting Number of rotations of the motor was counted by the 
program Machining depth was automatically calculated by subtracting the total reverse 
number of rotations from the total number of forward rotations Machmmg time was 
calculated by multiplying total number of steps with time required per step 

Thickness of work-piece chosen was of 2 mm So that, reaction products are easily removed 
from machining zone by cavitation, diffusion, flow of ions etc and does not impose the 
condition of limited machined depth Cutting conditions during experiments are given in 
Table 2 1 
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Table 2 1 Machining conditions 


Work-piece material = Quartz 
Work-piece thickness = 1 9 to 2 1 mm 
Electrode material = Copper 
In ECSMWDP, 

Cathode size = 4X0 5X20 mm 
Anode size = 1 1 0 X 2 X 50 mm 
In ECSMWRP, 

Anode size = 4X0 5X20 mm 
Cathode size = 110X2X50 mm 
Electrolyte = Sodium hydroxide ( NaOH) 

Inter-electrode gap = 50 mm 

Electrolyte concentration = 10 to 22% by wt 

Specific electrolyte conductivity = 369 to 448 mmho/cm 

Voltage range = 60 to 84 V 

Electrolyte temperature= 40 ®C 

Feed rate to work-piece = 0 339 mm/min 

Initial gap between tool and work-piece =0 4 mm 

Gap between adjusting screw and copper plate = 1 27 to 145 pm 

Machined depth ^ 6 66 mm 

Electrolyte used for each experiment = 3 liters 


2.7 Design of experiments 

Planning for expenmentation is required before conducting the experiments It involves 
selection of machining conditions, planning for experiments, conducting the expenments, 
etc From the literature survey, it is concluded that voltage and electrolyte concentration are 
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the most significant parameteis for matenal removal in ECSM piocess Therefore only 
voltage and electrolyte concentration have been selected as piocess \anables Overcut, 
surface finish, penetration rate and tool wear have been selected as responses for the 
experimentation 

The general form of a quadratic (second order) polynomial is illustiated by the equation. 




Where y is response, k is total no of variables, is i*'’ quantitative variable and ^ 
are regression coefficients 

2 7.1 Central composite rotatable design (CCRD) 

CCRD IS the most popular class of design is used for fitting quadratic model Central 
composite rotatable design consists of factonal (or fi-actional factorial) with yir 

axial or star runs and yi center runs [17, 18] 
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From Fig 2 11, for two variables luns are (-1,-1), (1,-1), (-1, 1 ), (1, 1), axial runs are (- 

a , 0), {a , 0), (0,-a), {0,a) and center run is (0, 0) Where ^ of 

center luns usually 3<;2^ 


According to CCRD whole range for voltage and electrolyte was divided into five levels For 
two factors. 



Actual value = mean value + ((mean value- minimum value)* coded value)/! 414 


Coded value 

Actual value 

Voltage 

(V) 

Electrolyte concentration 

(% by wt) 

-1 414 

60 

10 

-1 

63 5 

11 76 

0 

72 

16 

1 

80 5 

20 24 

1 414 

84 

22 
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Chapter 3 


FUNDAMENTALS OF ECSMWRP 

Experiments were conducted by using one small and one large elettiode Small electrode was 
used as tool Small electrode was made as cathode (ECSMWDP) or anode (ECSMWRP), by 
changing the polarity By electrochemical reactions, at cathode hydrogen gas and at anode, 
oxygen gas is liberated Boiling of electrolyte solution near small electrode occurs by the 
heating of electrolyte due to high resistance to current flow Therefore, electrically non- 
conductive layer of gas-vapour mixture is formed in both cases (ECSMWDP and 
ECSMWRP) and it shields small electrode Sparking occurs between tool and electrolyte 
because of the breakdown of the insulating layer due to high potential gradient across the 
insulating layer Expenmental observations reveal that spark intensity is higher at small 
electrode, when it is cathode (ECSMWDP) compared to when it is anode (ECSMWRP) But, 
material removal rate (penetration rate and overcut) and tool wear rate is higher m 
ECSMWRP compared to ECSMWDP (Table 3 1 ) Therefore, it seems that matenal removal 
in ECSMWRP is not only by melting and vaporization of workpiece matenal by the heat 
generated due to sparking Deep crater formed in anode at anode-workpiece mterface 
(Fig 4 7) leads to conclude that some chemical reaction is occurring at anode-workpiece 
interface It has also been observed in ECSMWRP that spark intensity is more at zone-b 
compared to zone-a (Fig 3 1) This is due to higher resistance to current flow in small gap 
between tool and workpiece at zone-b compared to zone-a In this chapter, possible chemical 
reactions that can occur at anode electrode interface have been proposed from basic 
electrochemistry Chemical analysis of reaction products have also been earned out 
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Table 3 1 Comparison between ECSMWDP and ECSMWRP 
(Voltage 72, Electrolyte concentration 10% by wt) 
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Fig 3 1 Different zones at tool tip 


3,1 Electrochemistry for NaOH electrolyte and copper electrodes 

Schematic diagram of an electrolytic cell of NaOH solution and copper electrode is shown in 
Fig 3 2 External potential is applied between the electrodes In the external circuit, electrons 
move towards the cathode-electrolyte interfece, and go to the solution At anode electrol 3 l:e 
interface equal number of electrons is discharged from solution to the anode Thus, current 
flows through the external circuit Electrochemical reactions that occur at the electrode 
electrolyte interface continuously supply electrons from cathode to solution and solution to 
anode Which type of reactions occur, depends on the charactenstics of electrodes, 
electrolyte and applied voltage [19, 20, 21 ] 
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Fig 3 2 Schematic diagram of the flow of electrons and ions m electrolytic 
cell [(a) General representation of an electrolytic cell, (b) Electrol 3 d:ic cell 
of NaOH solution and copper electrodes] 


Reactions at anode electrolyte interface; 

The electrochemical reactions at anode electrolyte interface cause generation of oxygen gas 
and dissolution of anode 
Cu — > Cu^+ 2e' 

2H20^02T+4lf + 4e' 

Here, oxygen bubbles and vapour bubbles generated by boiling of electrol 5 d:e due to high 
resistance to current flow forms the electrically non-conductive layer on anode surfece 
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Reactions at Cathode and electrolyte interface: 


The electrochemical reactions at cathode electrol5de interface cause evolution of hydrogen 

gas and deposition of copper 

Cu''+ 2 e'->Cu 

2 H' + 2 e->H 2 f 

Na'+ e ^ Na 

2 Na + 2 H 20 ^ 2 Na 0 H + H2t 
2H2O + 2 e'-^ H 2 l+ 20 H* 

Here, hydrogen bubbles and vapor bubbles generated by boiling of electrolyte forms the 
insulating layer on anode surface 

3.2 Dissolution of quartz 

Schematic diagram of machmmg of quartz by ECSMWRP is shown in Fig ^3 Reduction of 
silicon dioxide (S1O2) occurs due to high electromotive force generated by high potential 
gradient A small gap between anode and work-piece also generates high resistance Sparking 
occurs due to high charge density and high resistance to current flow through anode- 
workpiece interface Heat generated by sparking accelerates the reduction process Freshly 
formed silicon is highly active and it is re-oxidized by fresh oxygen gas evolved at anode 
This newly precipitated S1O2 is highly amorphous in nature and prone to chemical reactions 
[ 22 ] It reacts with sodium hydroxide to form sodium silicate and so dissolves into the NaOH 
solution and also forms copper silicate The reactions are as follows, 

S1O2 (Quartz) + 4 e‘ + Si + 2H2O (or S1O2 + 4 H( 2 H 2 ) ^ Si + 2H2O) 

Sl+02-^Sl02 

S1O2 (amorphous) + 20 H" — > S1O3” + H2O 
S1O2+ 40 ir ^ S1O/+ 2H2O 

2NaVSi03"^Na2Si03 
4Na^ + SiO/--^ Na 4 Si 04 
Cu'^+ SiOs"-^ CUS1O3 
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Fig ^ 3 Machining of quartz by ECSMWRP 


33 Reason for Tool shape deterioration 

Tool wear rate in anode- workpiece interface is much higher Therefore a deep crater is 
formed at interface zone (Figs 3 4, and 45) From anode, copper is transferred to solution as 
copper ion (Cu Cu^+ 2e') which results m tool wear Copper ions react with hydroxyl 
ions to form copper hydroxide (Cu"^ + OBT — > Cu(OH )2 ) At interface zone, copper ions 
react with silicate ions to form copper silicate (Cu^^ + SiOs^'-^ CuSiOs) Therefore, at 
interface zone (zone-b. Fig 3 1), copper ions are transferred from anode into solution at fester 
rate compared to zone-b because both the reactions take place at mterface zone This causes 
the high rate of formation of copper ions, i e , high rate of dissolution of copper from anode 
at interface zone Small gdp between anode and workpiece at interface zone generates high 
resistance to current flow Therefore, sparking is more at interface zone compared to zone-b 
This also causes more tool wear at interface zone 
Cu Cu'*^+ 2e 
Cu^+OH'-^Cu(OH) 2 
Cu^ + SiOs”-^ CuSiOs 
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deeo crater 



(a) before machining (b) after machining 


Fig 3 4 Tool shape 


3.4 Chemical analysis 

After cutting quartz plate by ECSMWRP, NaOH solution would contain silicon dioxide 
(S 1 O 2 ), sodium silicate (NaaSiOs), copper silicate (CuSiOa), copper hydroxide (Cu (OH) 2 ) 
and oxides of copper ( CuO) It has been experimentally observed that. Copper silicate m 
NaOH medium forms precipitate of copper oxide and silica parts goes to solution in the form 
of [Cu( 0 H) 2 (Si 03 )x]” (CuSiOs + NaOH ^[Cu( 0 H) 2 (Si 03 )x]'' + CuO) Standard copper 
silicate was prepared from sodium silicate and copper chlonde (Na 2 Si 03 + CuCb —*■ CUS1O3 
+ 2 NaCl) Copper silicate was put into water and sodium hydroxide solution in two separate 
test tubes In water, copper silicate precipitates, but in NaOH solution black of copper oxide 
(CuO) precipitates and a light blue solution was formed (Fig 3 5) This indicates, in alkalme 
medium from copper silicate, silicate ion goes into solution as complex compound of copper 
([Cu( 0 H) 2 (Si 03 )x]" ) that makes light blue solution Therefore if the residues are separated 
from NaOH solution after cutting quartz, solution would contam sodium silicate and complex 
compound of copper silicate that are soluble in NaOH solution 
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(a) copper silicate in (b) copper silicate in 
NaOH solution water 


Fig 3 5 Copper silicate in alkaline and neutral solution 


After conducting experiments, NaOH solution was filtered Thus, the precipitate was 
separated from solution After that the solution was digested on water bath and found that 
gelatinous silica floats into solution (Na2Si03 + 4H2O— > H2S1O3 + 2 NaOH) By centrifiigmg 
the solution, white mass was precipitated It was dned in oven and turned into whitish-pmk 
colored solid It indicates the presence of copper compound into centrifugate White-pmk 
colored solid was treated with concentrated HCl It forms a yellowish solution and white 
flocculating solid White flocculating solid is silicic acid (H2S1O3), which is not dissolved in 
HCl Thus, It confirms the dissolution of quartz mto NaOH solution Yellowish solution was 
separated and NH4OH was added mto it It turns mto light blue solution confirming the 
presence of Cu^ ion This copper ion comes from copper silicate, by the formation of soluble 
complex compound into NaOH solution Flow chart of the chemical analysis of the solution 
has shown in Fig 3 6 

Therefore, it can be concluded that in ECSMWRP quartz dissolves mto NaOH solution by 
chemical reactions Dissolution of quartz may be in the form of sodium silicate and copper 
silicate 
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Fig 3 6 Flow chart for chemical analysis 
of solution after expenment 
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Chapter 4 


Experimental Results and discussions 


I)unn|.» cxpcnmcnts, quart/ plate was cut for a depth of more than 6 66 mm (Fig 4 1) 
Lxpeninents were conducted for both direct polarity and reverse polarity under same 
experimental conditions. After experiments, overcut of the machined cavity and surface 
roughness of the machined surface, tool wear and penetration rate were measured for the 
process performances exaluation 




Fig 4 1 Work-pieces and tool after experiment cutting [(a) Tool 
and workpiece after cutting by ECSMWDP, (b) Tool and 
workpiece after cutting by ECSMWRP 
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4.1 Penetration rate 


If hncai materia! leiwnal material lale (or penetration rate) is more compared to feed rate, 
lui'l itneisal \sill iH't cKcui Ihnvesei, in FCSMWDP ftequent tool reversal was occurring 
be«.ause ol Kns peiietiatiun lale I table ^ 1 ) But in ECSMWRP tool leversal was less because 
o! mphei peneiiat’un late and hu'iier tool v»ear rate Companson of feed rate and penetration 
late obtained ibi 1 ('S\1\V RP at ditferent cutting conditions is shown m Table 4 1 Except for 
experiment no tool reversal is negligible It is so because penetration rate m 

M'SMURP IS moie than the feed late for most of the expeiiments conducted at different 
\ ullage and electroHte concentration It has been experimentally observed that the depth of 
tool tip dipped into the electrolyte plays an important role in determining fer the penetration 
rate in PC'SMWRP process If tool tip dipped into the electrolyte is very less in ECSMWRP, 
penetration rate detenoiates It is difficult to maintain the narrow range of 2-3 mm of depth 
to which the tool tip is dipped into the electrolyte because of the surface tension of liquid, 
and continuous tool wear, sparking at machining zone and cavitation in machinmg zone 
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! .ib,f \ 1 ( ompatutw hctuecn federate and penetration rate m ECSMWRP 
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4.2 Overcut 

Overcut of the machined groove has been calculated as shown in Fig 4 2 using the equation 
given below 

Overcut ‘ ( Kerf width -Tool thickness)/2 (^) 

Overcut of the machined groove was measured by a shadowgraph with 50 times 
magnification Overcut obtained at different experimental conditions is listed m Table 4 2 
Higher material removal rate in ECSMWRP because of the combined effect of sparking and 
chemical reaction, caus^ the more overcut m ECSMWTiP 
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I able I 2 0\ercut \alues m ECSM process 
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43 Surface finish 

Surface finish was measured by surf analyzer along cutting direction randomly at six 
different places (Appendix-2) Average values are Table 4 3 Surfece produced m ECSM 
process is not uniform because of the random spark generation and unknown behavior of 
dissolution of quartz by chemical action m ECSMWRP 
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1 able 4 ^ Suiiace finish m ECSM piocess 
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} It! 4 ^ Surface finish of the machmed surface measured bv surf analyzer (ECSMWDP) 
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4.4 lool Wear 


lool %vcar rate in I-CSMWRP was negligible compared to ECSMWDP (Table 3 1) In 
1 C'SMW DP heat generated by sparking causes the melting and vaporization of tool material 
(cathode! But by the electrochemical action copper is deposited on cathode (Cu'^ + 2e 
Hence negligible tool wear is obtained in ECSMWDP In ECSMWRP, tool is anode 
B> electrochemical action copper is dissolved from anode Therefore sparking and anodic 
dissolution of copper causes high tool wear in ECSMWRP Higher rate of chemical reaction 
and high spaik intensity at work-piece tool interface causes the formation of deep crater on 
the tool at machining zone (Figs 4 5, and 4 6) 



fa) 



2 391 mm 


fb) 

Fig 4 5 Tool shape after machining (voltage 72 V, electrolyte 
concentration 10% by wt , machining time 23 72 min), [(a) after 
cutting by ECSMWDP, (b) after cutting by ECSMWRP] 




(a) 



(b) 

Fig 4 6 Tool Shape after machining (voltage 63 5, electrolyte concentration 
1 1 76% by wt , machining time 23 49 mm), [(a) after cutting by ECSMWDP, 
(b) after cutting by ECSMWRP] 


4.^Surface integrity of the machined surface 

SEM photograph of the machined surface at high voltage was taken (84 V, 16 % electrolyte 
concentration) to study the surface integrity of the machined surface Cracks on the machined 
surface due to random thermal stress are clearly visible on the machined surface for 
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I ( S\!\\ DP I { ig 4 7) Majiniticd \iew of the machined profile clearly shows the difference 
in the surface integrity for the machined profile of ECSMWDP and ECSMWRP (Fig 4 8) 
Magnified view of the machined surface shows that in ECSMWDP surface is smooth and 
micui cracks on the surface are visible In ECSMWRP, the cracks on the machined surface 
arc not v isible and surface is rough This indicates chemical etching of the grams in 
I ('SMW RP There fore SEM photographs it can be concluded that there is the difference in 
the mode of matenai removal m ECSMWDP and ECSMWRP 
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Chapter 5 


Machining by small electrodes 

The concept of the ECSM is that size of the tool (cathode in case of ECSMWDP and anode 
m case of ECSMWRP) is much smaller than auxiliary electrode (anode m case of 
ECSNfWDP and cathode in case of ECSMWRP) Very high current density at tool generates 
more no of gas bubbles Across the bubble, high potential gradient is developed But no 
quantitative data is available on, how big auxiliary electrode should be compared to the tool 
electrode In this chapter, experimental observations on the cutting of quartz plate by usmg 
small electrodes have been reported 


5.1 ECSMWDP with smaU electrode 

In ECSMWDP, cathode surface is shielded by hydrogen gas bubbles This causes high 
resistance to current flow A high electnc field of the order of lO'^ V/m [9] is generated across 
the cathode tip and Hz bubbles, resulting in arc discharge within the gas bubbles Basic 
electrochemical reaction of hydrogen gas evolution at cathode in electrolytic cell is 

2H*+2e -^HzT 

Amount of hydrogen generation depends on electron transfer rate at cathode electrolyte 
interfece, properties of electrolyte and electrodes, applied voltage, etc Rate of transfer of 
electron from cathode to electrolyte and electrolyte to anode is equal If electron transfer rate 
at anode electrolyte interfece is less compared to cathode electrolyte interface, then electron 
transfer rate at cathode electrolyte mterface will also decrease Therefore, rate of hydrogen 
bubbles gmeration at cathode will also decrease because of less amount of electrons flow due 
to limited capacity of electrons transfer rate at anode electrolyte interface Experimental 
observation shows that for copper electrode and NaOH as electrolyte, spark intensity at small 
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cathode !s not aJtccted b\ small si/e oi anode Therefore, if we replace large anode plate by 
an anode tip 0 n- "> ! ) ciiiting speed is not affected at cathode 



Fig 5 1 ECSMWDP with small electrodes 


5.2 ECSMWRP with smaU electrode 

Polarity of the setup shown m Fig 5 1 was changed and used for this purpose Initially a 
small portion of the cathode tip was dipped mto electrolyte External potential was applied 
across the electrodes Sparking occurred at cathode tip due to high charge density at cathode 
tip In this case, at anode tip cuttmg of the quartz plate was not taking place Now cathode tip 
was gradually dipped mto electrolyte Sparking at cathode tip would suddenly stop In this 
case quartz under anode tip start getting machmed 
Total potential drop between electrodes = Potential drop at cathode tip + Potential drop 
due to resistance of the electro l 5 d:e between electrodes + Potential drop at anode tip 
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spat kins: occurs due to resistance to current flow at cathode tip and anode tip It causes high 
\oltage diop acioss that zone Therefore if sparking occurs at cathode tip, high voltage drop 
occurs at cathode tip and sufficient voltage is not available near the anode tip for machining 
I hat s why cutting was not taking place at anode when there is sparking at cathode If there 
IS no spaiking at cathode tip, less potential drops near cathode Therefore high potential is 
available near anode tip that causes high rate of dissolution of quartz near anode tip 

53 IVIachining at both the electrodes 

In earlier work, ECSMWDP and ECSMWRP have been separately applied for cutting of 
quaitz plate It also has been observed that machining is possible even though auxiliary 
electrode is small (5 1, 5 2) Therefore in ECSM process, tool electrode (cathode m 
ECSMWDP and anode m ECSMWRP) should be small and auxiliary electrode also may be 
small or large An attempt has been made to machine simultaneously at both the electrodes 
by using both the electrodes of small size Schematic diagram of the setup is shown in 
Fig 5 2 In this case both the electrodes work as tool and machining occur at both the 
electrodes 



Fig 5 2 Machimng at both theelectrodes 
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53.1 W orking principle foi machining at both electrodes 


\\ hdc machining at both the electrode, tt has been observed that sparking occurs only at one 
elect! ode at a time and spark zone keeps shifting from cathode tip to anode tip and vice versa 
(Fig 5 3) Resistance to current flow due to evolution of gas bubbles and vapour bubbles at 
both the electrode leads to spaiking at electrode tips When sparking occurs at one electrode, 
at that time shielding of other electrode by gas and vapour bubbles takes place Thus 
increases the resistance near that electrode When resistance becomes sufficiently high, 
sparking zone shifts to that electrode Thus shifting of sparking zone occurs between 
electrodes When sparking zone is at cathode tip, the process is ECSMWDP When sparking 
occurs at anode tip, the proems is ECSMWRP Thus machining occurs at both the electrodes 
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Sparking at 
anode starts 




(b) 

Fig 5 3 Shifting of sparking zone between electrodes 
[(a) sparking at cathode, (b) sparking at anode] 
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5,3 2 Expenmental results 


It has been observed that at a time, sparking occurs only at one electrode for the range of 
V) It \oltage is increased beyond 80 V then, so that spark always occurs at both the 
electrvides lathei than shifting between electrodes, work-piece cracks due to high thermal 
stresses and also melting of the tool may occur due to high heat generation (Fig 5.4) 



Fig 5.4 Melting of tool tip at high voltage (110 V, 
electrolyte concentration 22% by wt ) 


Three experiments were conducted at voltage range of (60-80 V) to study the process 
performance. Details of the cutting conditions are listed in Table 5.1 After cutting the 
groove, magnified view of the profile was taken by shadowgraph (Figs 5 6, and 5 7) For the 
measurement of kerf width and surface roughness along the machined depth, whole length of 
the groove was divided into five equal divisions. Width of the groove was measured at the 
locations 1 , 2, 3 and 4 (Fig 5 6). Two extreme points (location 0 and location 5) were not 
counted because in some cases, kerf width at top is much higher and kerf width at bottom is 
much lower compared to average kerf width Surface roughness was measured near those 
points, on surface of the kerf. The kerf width and surface roughness values are listed in 
Table 5 2. Experimental results show that penetration rate is almost same at both the 
electrodes for all the experiments. Negative tool in general produces better quality Kerf (less 
overcut and low surface roughness) compared to positive tool, but material removal rate is 
higher for positive than negative tool (almost same penetration rate but higher overcut 
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(.i>mpaR’*J to ncgatne tool) i'lg 5 8 and Fig 5 9 show$ penetration and kerf width increases 
incicascd \ o!tage for both tools, because of high discharge energy for sparking and high rate 
of thcmital reaction*, at high voltage causes higher material removal Average Surface 
toughness also increases with voltage (Fig 5 10). Because at higher voltage high energy is 
dischaigcd h> sparking, this causes deep crater on machined surface Hence surface 
roughness increases with voltage for the machined cavity at cathode For anode at high 
voltage, higher rate of chemical dissolution of quartz occurs and energy discharged by 
sparking is also more Therefore increased material removal rate at higher voltage causes 
high surface roughness 

Table 5 1 Cutting conditions for machining at 
both electrodes 

Electrolyte concentration= 22 % by wt. 

Electrolyte temperature = 30 ° C 
Inter-electrode gap= 60 mm 
Width of electrodes= 5 mm 
Thickness of electrodes = 0.5 mm 
Workpiece thickness == 2 mm 



Fig.5.5 Tool and workpiece after machining at 
both electrodes 
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Fig 5 6 Magnified view of the kerf and locations for the 
measurements of kerf width 


Table 5 2 Kerf width and surface roughness at different locations 
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Fig 5 7 Enlarged view of the machined grooves from 
shadowgraph (Magnification 20 times) 
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Fig 5 8 Vanation of penetration rate with voltage 
[(a) penetration rate at cathode, (b) penetration rate at anode] 


52 




n ' 1 ’ 1 ' 1 • r- 

60 65 70 75 80 

Voltage (V) 


(a) 



(b) 


Fig 6^9 Variation of average kerf width with voltage [(a) average kerf width 
for the cavity at cathode, (b) average kerf width for the cavily at anode] 
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Fig ^ 10 Vanation of average sui&ce roughness with voltage [(a) average 
surfece roughness for the cavity at cathode, (b) average surface 
roughness for the cavity at anode] 
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Chapter 6 


Conclusions 

In tile piei»ent work experimental investigations on the performance of ECSM process for 
cutting quartz plate and chemical analysis of the reaction products have been earned out 
Cutting using small electrode also has been successfully applied From this study followmg 
conclusions can be made 

1 Electrochemical spark machining can be successfully used for cuttmg ceramic plate 

2 Controlled feed to work-piece, and sharp tool produce better quality of machmed 
profile 

3 ECSMWRP cuts quartz plate at fester rate compared to ECSMWDP, but produces 
higher overcut and higher tool wear 

4 Material removal m ECSMWRP is due to chemical action also Chemical analysis of 
reaction products also confirms the dissolution of quartz mto NaOH solution 

5 Cuttmg performance m ECSMWDP and ECSMWRP is not affected by small size 
anode However if there is sparking at cathode in ECSMWRP current flowing 
through the circuit does not participate in machmmg 

6 Both the electrodes simultaneous can be used as tool (ECSMWDP + ECSMWRP) If 
we use only one electrode as tool at a time, size of the other electrode should be such 
that sparkmg zone always confined near the small electrode for machmmg 
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Chapter 7 


SCOPE FOR FUTURE WORK 


Most of the fundamental aspects of ECSM process including material removal mechanism, 
generation of controlled sparking, controlling of the process performance etc , are yet to be 
understood Further research is needed m the following areas for making the cutting process 
commercially viable 

1 In this work ECSM process has been applied for cutting thm plate (~2 mm) ECSM 
procK»s can be applied for cutting thick sheets by using small size tool and giving 
additional movement to tool or work-piece along horizontal plane 

2 From Experimental observation and from chemical analysis it can be concluded that 
quartz dissolves into NaOH solution by chemical action However, rate of dissolution, 
influence of other fectors like inter electrode gap, electrolyte flow, electrolyte level 
above the tool tip, etc , have not been studied 

3 Optimization of process parameters are needed for better control of the process 

4 Further work is needed to study the feasibility study of simultaneous application of 
ECSMWDP and ECSMWRP 

5 To reduce tool wear in ECSMWRP, higher electropositive electrode matenal can be 
used 

6 Machining performance using pulsed power supply and coated tool needs to be 
investigated 
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\PPEND1X-1 


Program used for Experiment 

,- ■* F;.nal program for experiment */ 

«-.nclude <stdio.h> 

^include <dos.h> 

#include <conio.h> 
include <math.h> 

#define DATA 0x0378 
#define STATUS DATA+1 
#define CONTROL DATA+2 
#define REV_ROT 15.0 

void main {) 

{ 

int sw; 

float fdelay, rdelay,] , distance, m, y, z, forward; 
printf ( "Enter delay for feed \n") , 
scanf ("%f", Sfdelay) ; 

printf ("Enter delay for reverse direction. ...\n"); 
scanf ("%f", &rdelay) ; 
forward=0 . 0; 
z=0 .0, 
y=0 . 0 ; 
m=0 . 0 ; 
while (1) 

{ 

sw=inportb (STATUS) ; 

printf (" T_R_ROT %f\tT-F_Rot %f ", y, forward); 
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•^V tCIi , bW 

. as(. 121 : 

.’-U.O; 

outpoitb (DATA, 0x00), 
delay { f delay ) ; 
outportb (DATA, 0x05); 
delay ( f delay ) ; 
rr=m+0 . 005; 

printfC’ SW_is “cdX FWD_ROT %f\n",sw,m); 
forward=forward+0. 005; 


break; 

case 255: 
m=0 . 0; 

distance=200* {REV_ROT) , 
for (]= 0 ; 3 <distance; 3 ++) 

{ 

outportb (DATA, 0x02) ; 
delay (rdelay) ; 
outportb (DATA, 0x07) , 
delay (rdelay) ; 
y=y+0 .005; 
z=z+0 .005, 

printf ( "Rev_Rot %f \tT_R_ROT 
%f\tT_F_Rot\t%f\n", z, y, forward) ; 

} 

break; 
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VPPENDI\-2 


Surface finish m ECSM process 


Table A2 I Surface finish in ECSMWDP 


' Voltage 

(V) 

Electrolyte 

concentration 

(% by wt ) 

Surface finish 

(Ra, nm) 

Average 

(Ra, pm) 

63 5 

11 76 

21 

32 

33 

48 



5 98 

80 5 

11 76 

66 


84 

79 



9 81 

63 5 

20 24 


m 

93 




911 

805 

20 24 

56 

6 

63 

68 

im 


77 

60 

16 

79 

11 3 





mm 

84 

16 

62 

H 

KM 

mil 

99 


warn 

72 

10 


55 





8 55 

72 

16 

82 

■B 



17 7 

18 

13 68 

72 

16 

■ 

IB 

53 


m 

86 

6 26 

0 

16 

76 

83 

im 


imi 


10 98 

0 

16 


mi 

IB 

m 

imi 


76 

0 

16 

m 

51 

mu 

■B 


132 

8 56 


63 


























































Table 'V2 2 Surface finish m ECSMWRP 


’ Voltage! V) 

Electrolyte 

concentration (% 

by wt ) 

Surface finish 

(Ra, gm) 

Average 

(Ra,gm) 

6^5 

11 75 

34 


H 

■■ 

mg 

■B 


80 5 

11 75 

58 

84 

12 

12 3 

163 

176 

12 066 

63 5 

20 24 

42 

52 

58 

68 

83 

12 2 


80 5 

2024 

68 

96 

11 

11 7 

151 

177 

11 983 

60 

16 

38 

63 

89 




9 016 

84 

16 

33 


53 

89 




72 

10 

97 

11 6 

12 7 

14 

194 



72 

22 

27 



69 

m 

■ 

mm 

72 

16 

la 

m 

58 


m 

m 

56 

72 

16 

u 


■ 

85 

103 

137 

8 233 

72 

16 

■■ 

43 

45 

63 

97 

12 

68 

72 

16 

109 




133 

142 

5 016 
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